We evaluated six alternative methods of prostate volume determination by transrectal ultrasound, three based on planimetry and three based on measurement of prostate diameters. Prostate volume measurements were made on an average of 6.5 occasions over a 3 y period on 41 patients with benign prostatic hyperplasia, using standard techniques. We defined the average of multiple planimetries as the prostate reference volume. Agreement with the reference volume and reproducibility at repeat testing was in the same range for single planimetry and volume determinations based on the formulas height (H)6width (W)6length (L)6p/6 and W6W6H6p/6, but was poorer using the formula W6W6W6p/6. Using the average result of two successive planimetry measurements increased the reproducibility of planimetry, being statistically significantly better than for one single planimetry (P ¼ 0.024) or for the formula W6W6H6p/6 (P ¼ 0.048). Our study suggests that the simple formula based methods of prostate volume determination provide results that are only marginally inferior to one single planimetry, but results are improved by performing two planimetry measurements.
Introduction
Prostatic volume estimation by transrectal ultrasound is a common clinical procedure. Uses include pre-treatment assessment of prostate size, interpretation of elevated prostate specific antigen (PSA) levels (PSA density) and, in the field of research, measurement of the effects of prostate shrinking drugs.
Step section planimetry is assumed to be the most accurate method of prostate volume determination, but it is time consuming and requires cumbersome special equipment. 1 -5 One-dimensional measurements are preferable in the clinic. The prolate elipsoid formula, multiplying the largest anterioposterior (height), transverse (width) and cephalocaudal (length) prostate diameters by 0.524 (H6W6L6p/6) is probably the most commonly used method, 6, 7 since it is rapid, reproducible, and has been shown to have high correlation with the actual prostate volume. 5 However, it has been questioned whether the prolate elipsoid formula gives accurate results in large prostates. 5, 8 The prolate spheroid formula W6W6H6p/6 might be equally accurate, 5 and has the advantage of requiring measurements in the transversal plane only.
We present a methodological study with the purpose of evaluating six alternative methods of prostate volume determination, three based on planimetry and three based on measurement of prostate diameters. We studied agreement with the true prostate volume (average of multiple planimetries), and determined reproducibility of repeat examinations performed at 8 -24 weeks' interval for the various methods.
Apparent substantial intraindividual variations in prostate volume estimates over time has been attributed to retention of prostatic secretion, oedema, vascular congestion, etc. 9 -12 We evaluated whether reproducibility of two volume determinations performed during the same session was different from measurements performed 8 -24 weeks apart.
Materials and methods
Forty-one patients with benign prostatic hyperplasia (BPH) who were placebo patients in a clinical trial of hormonal treatment of BPH were studied. Prostate volume measurements by transrectal ultrasound (TRUS) were performed at 8 -24 weeks' interval on up to 10 occasions over a 3-y period, using the Bruel and Kjaer 1846 ultrasound unit and the transrectal transducer No 8531. We included all measurements performed on these patients during the 3-y period. Some patients underwent prostate surgery, and follow-up was discontinued for some patients, thereby reducing the number of study patients from 41 at the start of the study to eight by week 144.
The transducer, surrrounded by a small water filled balloon, was mounted on a fixing sledge, and scanning of the prostate in the transverse plane was performed while moving the transducer in the cephalocaudal direction of the prostate. The height and width of the prostate section with the greatest surface area was recorded. Planimetry was performed by serial scanning at 5 mm steps. At each section the circumference of the prostate was marked and the prostate volume was calculated by the ultrasound unit computer. Planimetry was performed twice in each session, first from apex to base (first planimetry), and then in the opposite direction (second planimetry). The equipment was not designed for scanning of the prostate in the sagital plane. Therefore, prostate length was measured indirectly by the stepping device by counting the number of 5 mm steps from apex to base (N 1 ), and then repeating the procedure in the opposite direction (N 2 ). Prostate length in cm was calculated by the formula (N 1 þ N 2 )/4. All examinations were done by the same physician (LME), within a tight time schedule, as in a routine clinical situation. With the exception of the second of the duplicate planimetries, all measurements were made without knowledge of the previous result.
At each time point, six prostate volume estimates were made in the following way: (1) the first planimetry, (2) the second planimetry, (3) the average of the two planimetries, (4) the prolate ellipsoid formula H6W6L6p/6, (5) the prolate spheroid formula W6W6H6p/6, and (6) the spherical formula W6W6W6p/6.
The mean of all planimetry volume estimates for an individual patient was assumed to be the best estimate of the true prostate volume, and was defined as the prostate reference volume. However, before accepting this assumption, we ascertained that the average prostate volume in fact was stable during the study period for the patient population (Table 1) .
Agreement with the prostate reference volume for a specific volume determination method was visualized by scatter plots and by calculating Pearson's coefficient of correlation, r, which measures the strength of the relation between the two series of measurements ( Figure 1 ). A value of r close to one indicates a strong linear relationship between two methods of volume determination, but r will also be high if two measurements are equivalent but are based on a different scale. Agreement was initially calculated separately for each of the 10 time points, and was similar throughout the study period. Therefore, for ease of presentation, we combined the results of all time points.
Repeatability of a specific method was evaluated by comparing pairs of volume determinations performed at successive time points; week 0 with week 8, week 16 with week 24, etc. We calculated the mean and the standard deviation of the differences between two successive measurements. For all parameters, results were similar over the five time intervals, and therefore, for ease of presentation, data for all time points were combined.
The data generally had a symmetrical distribution, and the two sample t-test was used for the statistics.
Results
Mean age of the 41 patients was 70.0 y (s.d. 7.2). On average the three prostate diameters were measured at 6.5 time points (s.d. 2.3, range 1 -10). The mean of all measurements of prostate width was 5.3 cm (range 3.9 -7.6), of prostate height was 3.5 cm (range 1.8 -6.2) and of prostate length was 4.9 cm (range 3.5 -7.5). Planimetry was performed an average of 12.6 times (s.d. 4.7, range 4 -20) on each patient. Mean prostate volume by planimetry for the patients was 58.0 ml (s.d. 28.9 ml, median 47.9 ml, range 26.6 -164.8 ml), being unchanged throughout the study period (Table 1) .
Agreement with reference volume
Agreement between prostate reference volumes and the volumes by planimetry or based on the formulas H6W6L6p/6, W6W6H6p/6 or W6W6W6p/6 are illustrated in Figure 1 . Average deviation from the prostate reference volume was 7 1.1 ml for the first planimetry, 1.1 ml for the second planimetry and 71.4 ml for the formula W6W6H6p/6. On average, the formula H6W6L6p/6 underestimated prostate volume by 5.7 ml (P < 0.0001) and the formula W6W6W6p/6 overestimated it by 27 ml ( Table 2 , first column). Deviations from the reference volume can also be assessed by evaluating standard deviations of the differences in Table 2 . Standard deviation is based on the squared differences, thereby eliminating the effect of negative values. Results are presented separately for the volume categories less than 40 ml, 40 -80 ml and above 80 ml (Table 2 , second to fourth columns). Part of the agreement between single planimetries and the reference volume is due to the fact that the reference volume is calculated as the average of multiple planimetries. Therefore, we abstained from evaluating statistically possible differences in agreement with prostate reference volume for the different volume determination methods.
Reproducibility
The relationships between pairs of successive measurements of prostate height, width and length are shown in Figure 2 a -c. Standard deviation (s.d.) for the differences was the same for measurements of prostate height and width (0.32 cm), and was statistically significantly larger for prostate length (s.d. 0.48, P ¼ 0.0003). Reproducibility of prostate volume determinations by planimetry is illustrated in Figure 3 . Standard deviation of the differences between pairs of measurements, performed at successive time points, was 8.71 ml for the first planimetry and 7.83 ml for the second planimetry (P ¼ 0.21). Using the average of two repeat planimetries performed during the same session as the volume estimate, s.d. for the differences between volume determinations performed at succesive sessions was 6.45, statistically significantly lower than based on one single planimetry (P ¼ 0.024).
Reproducibility of the three formula derived volume estimates, based on measurement of three, two or one diameters, are illustrated in a similar way (Figure 4) . Standard deviation for the differences between pairs of volume measurements for H6W6L6p/6 and W6W6H6p/6 were 8.54 ml and 8.84 ml, respectively. Reproducibility of estimates based on H6W6L6p/6 or W6W6H6p/6 was not statistically significantly different from prostate volume determinations based on one single (the first) planimetry, with P-values of 0.72 and 0.88, respectively (Figures 3 and 4) . Volume determinations based on the formula W6W6W6p/6 had significantly poorer reproducibility, with a s.d. of 15.73 ml (P < 0.001).
Reproducibility of prostate volume determinations based on one single planimetry was not different from those based on the formulas H6W6L6p/6 (P ¼ 0.72) or W6W6H6p/6 (P ¼ 0.88). Reproducibility based on the average of two planimetries was somewhat better than based on the formula W6W6H6p/6 (P ¼ 0.048), but not statistically significantly better than using the formula H6W6L6p/6 (P ¼ 0.072).
Reproducibility of two repeat planimetries performed during the same session was similar to the reproducibility when performed at two separate sessions 8 -24 weeks apart ( Table 3) , suggesting that over a time span of this magnitude fluctuation in prostate volume is small.
Discussion
The most widely used formula derived method of prostate volume determination, H6W6L6p/6, is reported to underestimate prostate volume by 7 -27%. 4, 7, 8 Among our patients this method underestimated prostate volume by an average of 5.7 ml (9.9%), whereas W6W6H6p/6 underestimated the volume by 1.4 ml (2.4%) and W6W6W6p/6 overestimated prostate volume by 27.1 ml (47%) ( Figure 1 , Table 2 ).
Direct measurement of prostate volume can be performed on radical prostatectomy specimens. However, this method does not necessarily determine the true in vivo prostate volume, due to shrinkage because of loss of blood supply, 5 and the volume might also be overestimated because of adjacent periprostatic tissue. 13 Several methodological studies, like measurement of water filled balloons, 14 and cadaver studies 13, 15 have demonstrated that under ideal conditions, planimetry measures a volume very close to the true volume, and can be used as the gold standard of prostate volume measurement. 3 However, problems with planimetry measurements include poor visibility of the prostate border and patient movement. Ultrasound equipment that provides better resolution and a more accurate delineation of the borders of the gland will probably increase the accuracy of all types of prostate volume measurement.
We registered a stable prostate volume during the study period (Table 1) , which was a precondition for using the average of all measurements as the prostate reference volume without correcting for change over time. However, the prostates of these BPH patients most likely increased by an average of 1 -3% over the 3-y study period. 9, 12, 16 A change of this magnitude was less than what we could expect to detect in this relatively small patient population.
Prostate width and height were measured directly on the ultrasound monitor and had similar reproducibility (Figure 2a -b) . Prostate length was measured by the stepping device. This method has been suggested to be more accurate than direct measurement of prostate length in the sagital plane, because of better visualization of the point of juncture between the prostatic apex and distal urethra and better possibilities to distinguish the base of the prostate from seminal vesicles and the bladder neck. 5 However, in spite of this, reproducibility of prostate length was poorer (P < 0.001) than prostate height and width (Figure 2 ), confirming that prostate length is difficult to measure, irrespective of method.
Several investigators have reported an excellent reproducibility of prostate volume measurements by planimetry, 2,4,17 and a better reproducibility of planimetry than for volume determinations based on measurement of prostate diameters. 4, 17, 18 Terris et al, however, concluded that volume determinations based on the formulas H6W6L6p/6 and W6W6H6p/6 were comparable to planimetry. 4 Our study suggests that the simpler formula based methods of prostate volume determination provide results that are only marginally inferior to planimetry. Of the formulae based on one dimensional measurements, W6W6H6p/6 might be preferable to H6W6L6p/6, because only two measurements are necessary. This formula does not contain prostate length which is the least accurate of the three prostate diameters. W6W6H6p/6 in this patient population resulted in an average volume only 1.4 ml less than the prostate reference volume.
Using the average of two planimetries generally resulted in improved reproducibility compared to methods based on one single planimetry or based on measurement of prostate diameters, and might be valuable in a research setting. However, repeat measurements result in increased time consumption and patient discomfort.
Average prostate volume (58.0 ml) for the patients in the present study was larger than in an average population because a prostate volume above 30 ml was required for inclusion. Because of possible differences of prostate configuration and measurement quality depending on prostate size, the usefulness of the various measurement methods might vary depending on prostate size. 5, 8 However, our study does not suggest that any particular method of volume determination was preferable in prostates of a specific size range (Table 2) .
We found the same reproducibility irrespective of whether planimetries were performed as two successive prostate volume measurements during the same session or with 8 -24 weeks' interval (Table 3 ). This finding suggests that a possible biological fluctuation of prostate volume over time, as proposed by some authors, 11 is due to measurement error.
Conclusions
Our study suggests that the simple formula based methods of prostate volume determination, based on prostate diameters, provide results that are only marginally inferior to planimetry, and are preferable in the clinic because they are simpler to perform and are associated with less patient discomfort. Of the one dimensional measurement methods, H6W6L6p/6 (0.524) and W6W6H6p/6 are almost equivalent. Our study does not support the assumption of significant spontaneous fluctuations in prostate volume over time. Mean and standard deviation of differences between pairs of planimetries on the same patient performed during the same session or at two separate sessions 8 -24 (mean 12.6) weeks apart.
